In this study, we investigated the effect of light irradiation and primer/adhesive application on the polymerization reaction and elastic modulus (E) of self-adhesive resin cement (SAC) through ultrasonic velocity (V) measurements. The V values of longitudinal and shear waves were determined based on the transit time through the specimens and specimen thicknesses, and were used to calculate the E values. Analysis of variance and Tukey tests revealed that V increased rapidly, reaching a plateau at 2,700-2,900 m/s, when the SACs were light-irradiated. However, the increasing rate of V was retarded for the non-irradiated SACs. In addition, when the primer/adhesive was applied, higher E values were obtained after 24 h. Finally, the polymerization behavior of the SACs was affected by light irradiation and primer application, and the use of prime/adhesive might improve mechanical properties. In clinical situations, use of primer/adhesive is recommended for getting proper adhesion.
INTRODUCTION
The demand for resin cements is increasing for ceramic and resin-composite indirect restorations because of their promising mechanical, physical, and adhesive properties compared to those of inorganic luting cements 1) . Resin cements provide increased fracture resistance, combined with excellent aesthetics, for tooth-colored indirect restorations 2) . However, the luting procedure of indirect restorations requires the sequential application of a conditioner, a primer, and an adhesive, and the number of steps may increase the risk of restoration failure, leading to an increased risk of contamination with saliva 3) . Self-adhesive resin cements (SACs) have been introduced to reduce these adverse factors, which affect the clinical performance of resin cements 4, 5) . The methods of applying SACs are simpler than those of applying other resin cement systems because of the reduced number of steps required for the cementation of indirect restorations. The strength of bonding SACs to the tooth substrate has been demonstrated to be satisfactory 6) . Furthermore, because of the acidic functional monomers in their matrix, the use of SACs has been suggested for ceramic restorations 7) . Recently developed SACs employ a dual-cure mode for the polymerization to fix restoratives 8) . These SACs are polymerized for a relatively short time using light irradiation; however, in certain clinical situations where light cannot penetrate the SACs, polymerization relies on a chemical polymerization reaction. Some studies have indicated that the dual-cure mode used for resin cements results in poor mechanical properties, including bonding performance, when light irradiation is insufficient 9, 10) . Thus, light irradiation of SACs appears to play an important role in achieving adequate mechanical and bonding properties, thereby ensuring the durability of the restorations 11) . Regarding clinical situations for luting indirect restorations, sufficient light irradiation cannot always be achieved using a curing unit. Compared to direct bonding procedures for resin composites, indirect restorations using resin cements might result in good bonding performance under dark conditions because of the difficulties of using light penetration for curing through thick indirect restorations. Thus, improvement in the insufficient light irradiation and different methods to enhance polymerization reaction of SACs should be considered.
Before bonding to the tooth structure using SACs, certain types of primers/adhesives can be used to achieve good adaptability between the indirect restorations and the teeth to be restored 12) . The role of the primer/ adhesive is to improve the wettability of the prepared tooth surface with SACs and to enhance monomer penetration into the hydrophilic tooth substrate. Some adhesives/primers contain initiators that accelerate the interfacial polymerization between the primer-coated surface and dual-cured resin cements 13, 14) . The primer/ adhesive contains several co-initiators and the SACs contain initiators; thus, the self-curing interaction between the primer/adhesive and SACs may increase polymerization reactions when they come in contact even without light curing. Although many SACs use a primer/adhesive, their use mostly focuses on increasing the bond strength and little information is available on the polymerization behavior of SACs combined with a primer/adhesive.
Various test methods are used to characterize resin cements and hardened materials for clinical applications. Most of these methods, such as compressive, flexural, and tensile strength tests, are objective and controlled by international standards. The two standardized test methods for evaluating the setting time use Vicat or Gillmore needles 15) . However, these methods can be arbitrary as they depend on the needle diameter and weight used, and sometimes, the two tests give different results. In addition, because these measurement methods are based on subjective visual examination, significantly different results for the same material may be obtained when the measurements are performed by different researchers.
Ultrasonic imaging is a non-invasive method used for the diagnosis of diseases and dental material research 16) . Ultrasonic devices can be used to detect early enamel carious lesions 17) and to measure the thickness of tooth remaining in the pulpal chamber 18) . Ultrasonic measurements have been used to monitor the setting process of cements because the speed of sound is related to the viscoelastic properties of materials 19, 20) . In addition, depending on the examiner, less variation may be expected when ultrasonic measurements are used to monitor the setting reaction of a resin cement instead of test methods employing visual examination.
The ultrasonic approach can also provide additional information about changes in the elastic modulus (E) of materials 21) . E is defined as the ratio of stress corresponding to strain in a material under load and is a key property for many manufacturing and research applications. Materials with low E undergo large deflections when loaded, which is undesirable in most cases. The plastic deformation of a luting cement might contribute to the failure of ceramics or resin composite restorations 22) . When elastic deformation occurs during loading, fatigue and failure of the restoration can occur. Resistance to plastic deformation may increase resistance to dislodgement and gross cement fracture, leading to marginal gap formation.
In the current study, the polymerization processes of SACs were monitored using an ultrasonic device to investigate the effect of light irradiation and the application of a primer/adhesive on their polymerization behavior. The null hypothesis was that the polymerization processes of SACs would be affected by neither light irradiation nor primer/adhesive application.
MATERIALS AND METHODS
The SACs used were Block HC Cem (BC; Shofu, Kyoto, Japan), G-Cem One (GC; GC, Tokyo, Japan), and RelyX Ultimate Adhesive Resin Cement (RU; 3M ESPE, St. Paul, MN, USA), and were combined with primer/ adhesive ( Table 1) . Two visible-light curing units (Optilux 501, Demetron/Kerr, Danbury, CT, USA), having wider range of wavelength compared to those of LED curing units, were connected to a variable-voltage transformer to maintain the power density above 600 mW/cm 2 (this value was determined using a dental curing radiometer (Model 100, Demetron/Kerr)).
The ultrasonic equipment employed in this study comprised a pulser-receiver (5900PR, Panametrics, Waltham, MA, USA), two transducers (M203 and V112, Panametrics), and an oscilloscope (WaveRunnner LT584, LeCroy, Tokyo, Japan). The pulser-receiver with a 200-MHz frequency was used to drive the transducer to transmit and receive ultrasonic signals at a pulse Fig. 1 Schematic illustration of the ultrasound measurement system. The cement mix was placed between the transducers and the echo reflected from the specimen was obtained.
repetition frequency of 500 Hz and excitation energy of 16 μJ (sending a 16-μJ impulse to the transducer). The transducer converted this electrical energy into a sound wave, which propagated through the specimen. The contact transducer was the right-angle type with a 3.0-mm tip contact diameter, 10-MHz nominal center frequency, and a removable Plexiglas delay tip. The two transducers were oriented facing each other, with the sample placed between them. The transducers were connected to the pulser-receiver operated in the through-transmission mode, and signals were obtained using the oscilloscope (Fig. 1) . No heat was generated from the transducers during the measurements for the pulse repetition frequency used in this study. The transducer equipment was calibrated for each use by employing a standard calibration procedure. The SACs were mixed according to each manufacturer's instructions and inserted into a transparent mold (2-mm thickness, 4-mm diameter) at 23±1°C and a relative humidity of 50±5%. Each specimen was placed on the sample stage with or without the application of the mixed primer/adhesive. The transparent matrix tape (3M ESPE) was interposed between the sample stage and the specimen. The primer/adhesive were applied on the sample stage with the use of microbrush (Microbrush Fine, Shofu), and then mild air-blowing using a three-way syringe for 5 s. After inserting the resin cement into the mold, light guide tips of the curing units were placed on the opposite side of the specimen, sandwiching the transparent mold. Light irradiations to the specimens were performed simultaneously from both sides. Non-irradiated control specimens were also employed. The ultrasonic measurement began 60 s after the start of resin cement mixing.
The reflected waves reached the probe as a surface echo (S-echo), whereas the transmitting waves were reflected off the interface between the air and rear surface of the specimen as a back echo (B-echo). The time differential (∆t) between the S-echo and B-echo represented the time required for the wave to propagate through the specimen. If the specimen thickness (T) is known, the sound velocity (V) can be calculated by measuring ∆t (that is, the round-trip transit time) between S-echo and B-echo:
V=2T/∆t We used a dial gauge micrometer (CPM15-25DM, Mitutoyo, Tokyo, Japan) to measure the elastic modulus, thickness, and size of each cement. The specimen weights were also measured (AE 163, Mettler, Greifensee, Switzerland) to calculate their densities. We recorded the round-trip transit time through an area of known thickness with longitudinal-and shear-wave transducers, and then calculated Poisson's ratio (ν) using the following equation:
, where VS represents the shear (transverse) sound velocity and V1 represents the longitudinal sound velocity. Therefore, the elastic modulus was calculated using
, where E represents the elastic modulus and ρ represents the density.
Six specimens were tested for each condition. For the statistical analysis, each resin cement was treated as an independent experiment to compare the results obtained under the different irradiation conditions. The mean and standard deviation for each type of SAC were subjected to analysis of variance for the three groups from each SAC. Multiple comparisons were then conducted using Tukey-Kramer post-hoc tests and Student t-tests at a significance level of 0.05. All statistical analyses were performed using a commercial statistical software package (SigmaPlot 13, Systat Software, Chicago, IL, USA).
RESULTS
The changes in V across the SACs as a function of time, starting 1 min after the cement mixing commenced, are presented in Figs. 2 and 3 and Tables 1 and 2 .
When the SACs were light-irradiated (dual-cure) with the application of the primer/adhesive, each V curve rapidly increased (by 1,500-2,500 m/s), reaching a plateau at 2,600-2,900 m/s. No significant differences were observed for the V curves of BC and GC between with primer and without primer. For RU, relatively higher V values were observed when the adhesive was applied (Fig. 2) . The V values were significantly higher when the primer/adhesive was applied (Table 2) .
For the non-irradiated cements, the V values of the SACs showed an initial plateau at ~1,500 m/s and gradually increased to 2,700-2,900 m/s for BC and GC. Although sonic echoes were detected from the beginning of the measurements, the rates of increase in V were relatively slow for RU (Fig. 3) . The V values of the SACs were significantly higher when the primer/adhesive was applied ( Table 3) .
The E values of the light-irradiated specimens were 5.7-7.6 GPa after 15 min, 7.1-9.8 GPa after 6 h, and 7.7-11.0 GPa after 24 h (Table 4) . For the non-irradiated specimens, the E values were 4.4-7.3 GPa after 15 min, 5.0-8.8 GPa after 6 h, and 5.8-9.4 GPa after 24 h (Table   5 ). For both irradiation conditions, significantly higher E values were obtained when the primer/adhesive was applied.
DISCUSSION
Measurements of mechanical properties are important for understanding the polymerization reactions of resinous materials used in dental clinics. The optimal polymerization of resin-based luting cements plays a critical role in the long-term clinical success of dental prostheses and indirect restorations 23) . The strength of polymerized resinous luting cement depends on the composition, polymerization reaction, and extent of the polymer network. The polymerization characteristics of SACs have been previously investigated in studies of their double-bond conversion 24) , surface hardness 25) , flexural strength and elastic modulus 26) , ion release 27) , and rheology 28) . However, quantification of the extent of polymerization reactions at a given point has faced difficulties. Because SACs have more than one setting reaction (dual-, and chemical-cure), it is particularly difficult to quantify the changes in the setting behavior of mixed cement pastes. A different method for determining the extent of polymerization reactions of SACs is required, e.g., for the assessment of luting cement 16) . So, the current study employed non-destructive ultrasonic measurements to monitor the development of the polymerization reaction of three SACs based on the relationship between the V and E values to get better insight of the setting reaction of the materials 29) . Rather than defining the polymerization reaction time as the time at which the SAC reached a specific mechanical strength, the ultrasonic approach monitored the viscoelastic properties of the cement mixture 30) . Within the limitations of this study, the null hypothesis that the polymerization processes of the SACs were not affected by the light irradiation or primer application must be rejected. All tested materials displayed a low initial V after a certain time, which increased to a higher saturation value. However, the initial and final V values differed for the different materials, indicating that the increasing behaviors of V are not homogeneous among the SACs tested but dependent on light irradiation and adhesive/primer application. Light activation provides a rapid, ondemand boost to the setting reaction, allowing improved double bond conversion and mechanical properties compared with self-polymerization only. Several studies have indicated substantial improvements in the double bond conversion of methacrylate with sufficient light irradiation compared with less light irradiation 31, 32) . At the beginning of the ultrasonic measurement, the V values in the SAC mixtures were 1,500-1,600 m/s, which is similar to the range of ultrasonic transmission through water 33) . During the initial stages of the dough phase, a characteristic feature of V was observed, which could be attributed to the attenuating properties of the cement mix. The polymerization reaction of SACs involves a free-radical photo-polymerization process and a chemical polymerization reaction. The photoinitiated polymerization reaction occurred soon after light irradiation and the V values in the SAC rapidly increased. The conversion of methacrylate-functionalized dental restorative materials via photoinitiated polymerization is dependent on several parameters such as light intensity, wavelength, thickness and color of the material. Light of an appropriate wavelength is absorbed by a photosensitizer such as dl-camphorquinone (CQ) as a visible-light-activated photoinitiator. CQ then reacts, in its excited state, with an amine-reducing agent to produce reactive free radicals. The curing mode of the resin cement is also a crucial factor for the double-bond conversion of monomers 34) . For the non-irradiated SACs, only chemical polymerization occurred, resulting in the crosslinking of polymer chains. These reactions might correspond to the increases in V after the initial setting period. For RU, a relatively slower increase in V was observed for the non-irradiated samples (Figs. 2 and 3) .
Monomer formulation has been shown to affect the conversion of unfilled resins and resin-based composites 35) . Another reason proposed to account for the delay in V is the polymerization-inhibiting effect imposed by the presence of acidic functional monomers such as MDP and 4-MET in the primer/adhesive. The acidic monomers in SACs have been shown to negatively affect their degree of conversion in self-and dual-curing modes of polymerization. CQ requires a co-initiator for effective polymerization, and a tertiary amine photoreductant is employed. The tertiary amine interacts with activated CQ to produce reactive radicals for polymerization. The tertiary amines in the SACs might be neutralized by the acidic functional monomers 36) . To overcome this incompatibility, proprietary activator/initiator systems (such as aromatic sulfinic acid sodium salts) should be included in their composition, which may help prevent chemical incompatibility between the acidic groups and self-curing components 14) . The use of this different type of initiation system may result in a different polymerization behavior, such as lower double-bond conversion rates 37) . The acid-base reaction between primer/adhesive and mineralized tooth tissue is important in neutralizing the acidic condition of the SAC and reducing the polymerization reaction of the cement. Since it might be a limitation of the present study being that there is no mineralized tooth structure present that would impact the acid-base environment, further researches should be needed.
For the non-irradiated cements without primer application, the V values of BC and GC remained constant for a certain period (150 s for BC and 30 s for GC), and then gradually increased to reach a plateau. However, relatively slower and gradual increases in V were observed for RU. When the adhesive was applied, a slight but significant increase in V was observed. The dominant setting reaction of the SAC is a dual-cure mode that involves chemical and photochemical reactions using light and redox initiators. In addition, the acidbase reaction between the acidic functional monomer and basic inorganic fillers is initiated upon mixing the pastes within an aqueous environment 38) . This acid-base reaction is important for neutralizing the acidic condition of the SACs and reducing the hydrophilicity after mixing the pastes, leading to a faster setting reaction. However, the time in which acid-base neutralization occurs might differ for each material because of differences in the composition used to regulate the polymerization process. Desiccation of the specimens during the acid-base reaction could help to extract the water originating from the primer/adhesive during the reaction that interferes with the setting and neutralization kinetics. This change might result in different V values through the specimens with different materials.
The ultrasound approach provides information about the change in E of materials 39) . E is defined as the ratio of stress corresponding to strain in a material under load and is an important property in industrial production and research applications. Materials with low E show large deflections when a load is applied, which is considered undesirable in most cases. When plastic deformation occurs during loading, fatigue and failure of the restoration can occur. Resistance to plastic deformation can increase resistance to dislodgement and luting cement fracture but may lead to marginal gap formation 40) . All materials tested are used for the luting of fixed prostheses; therefore, there will always be an overlying restoration during their clinical application, which will lead to some degree of light attenuation. The use of appropriate light irradiation and/or a primer/ adhesive containing a co-initiator is thus required.
